Objective: To investigate muscularis inflammation and endogenous endotoxin as causes of postoperative ileus. Background: Postoperative inflammatory ileus of the colon is associated with a significant delay in gastrointestinal transit. We investigated whether these changes are caused by the downstream obstructive barrier of the surgically altered colon or by small intestinal muscularis inflammation itself. Furthermore, we evaluated the mechanistic role of gut derived endotoxin in the development of postoperative intestinal dysfunction. Methods: Rats underwent surgical manipulation of the colon. Isolated gastrointestinal transit was analyzed in animals with ileostomy. The perioperative emigration of intracolonic particles was investigated by colonic luminal injection of fluorescently labeled LPS and microspheres. Mediator mRNA induction was quantified by real-time RT-PCR. Muscularis leukocytic infiltrates were characterized. In vitro circular muscle contractility was assessed in a standard organ bath. Results: Ileostomy rats presented with a significant delay in small intestinal transit after colonic manipulation. This was associated with leukocyte recruitment and inflammatory mediator mRNA induction within the small intestinal muscularis. Colonic manipulation caused the transference of intracolonic LPS and microspheres into the intestinal muscularis. Postoperative in vitro small intestinal circular muscle contractility was impaired by 42% compared with controls. Gut decontamination and TLR-4 deletion significantly alleviated the small intestinal muscularis inflammation and prevented intestinal muscle dysfunction. Conclusions: Selective colonic manipulation initiates a distant inflammatory response in the small intestinal muscularis that contributes to postoperative ileus. The data provide evidence that gutderived bacterial products are mechanistically involved in the initiation of this remote inflammatory cascade.
T he recovery of postoperative gastrointestinal motor function represents a crucial factor for the outcome of abdominal surgery, the length of hospital stay, and perioperative expenses. 1 One of the main reasons for the improved perioperative course after laparoscopic surgery is the significant reduction of postoperative dysmotility compared with open techniques. [2] [3] [4] However, the mechanism involved in this improvement is largely unknown and major abdominal surgery still requires open procedures. Thus, further investigations are needed to uncover pathophysiologic events underlying postoperative dysmotility and to develop specific therapeutic approaches.
Inhibitory sympathetic reflexes and inflammatory events with the coexpression of kinetically active mediators have been emphasized as major factors that are involved in the development of postoperative ileus. [5] [6] [7] [8] We have previously shown that surgical manipulation of the small intestine or the colon initiates a functionally relevant local inflammatory response within the muscularis layer. 7, 9 This inflammatory cascade includes the activation of resident muscularis macrophages and subsequently the extravasation of immunocompetent leukocytes. 7 Both activated cell populations liberate kinetically active substances, such as nitric oxide (NO) and prostaglandins, which directly mediate postoperative smooth muscle dysfunction. 10, 11 However, these previously described inflammatory mechanisms are a result of a local, mechanical alteration of the intestine and do not explain generalized panenteric postoperative dysmotility, which involves all segments of the gastrointestinal tract.
The total duration of uncomplicated postsurgical ileus mainly depends on the recovery of the colon, 6 whereas the complicated longer-lasting paralytic ileus appears to be more a result of an impairment of small bowel activity and smooth muscle dysfunction, respectively. 5 In this context, we have previously observed that postoperative colonic ileus, caused by an isolated surgical manipulation of the colon, is associated with a significant delay in intestinal transit. 9 However, it is not known if this phenomenon is caused by the manipulated and functionally compromised colon, acting as a downstream barrier, by inhibitory neural reflexes or by inflammatory events within the small intestinal muscularis itself. Furthermore, we have previously demonstrated that a systemic lipopolysaccharide (LPS) challenge likewise results in a functionally relevant inflammatory responses within the small intestinal muscularis. 12, 13 Thus, we speculated that inflammatory events within the small intestinal muscularis, which occur after colonic manipulation, might, at least partially, be the result of mechanically dislocated bacterial products. Therefore, the objectives of the present study were as follows: 1) to investigate small intestinal motility after colonic surgery independently of colonic motor function, 2) to determine the impact of spinal reflexes versus the role of altered intrinsic contractile systems in the development of postoperative small intestinal dysmotility, 3) to determine if colonic manipulation initiates a distinct and functionally relevant inflammatory response within the small intestinal muscularis, and 4) to define the role of the gut flora in the initialization of this mechanism.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats and male Lewis (LEW; RT1) rats weighing 180 to 250 g were obtained from Harlan (Indianapolis, IN). Male Toll-like receptor 4 knockout mice (C.C3H-Tlr4Lps-d, background strain: BALB/cJ; weight, 18 -22 g) were obtained from Jackson Laboratory (Bar Harbor, ME). BALB/cJ mice served as controls. The experimental design was approved by the University of Pittsburgh Institutional Animal Care and Use Committee. All animals were kept in a pathogen-free facility that is accredited by the American Association for Accreditation of Laboratory Animal Care and that complies with the requirements of humane animal care as stipulated by the U.S. Department of Agriculture and the Department of Health and Human Services. They were maintained on a 12-hour light/dark cycle and provided with standard laboratory rodent chow and tap water ad libitum.
Experimental Procedures
The colon was subjected to a standardized degree of surgical manipulation as described before. 9 The abdomen was opened by a midline laparotomy. The cecum was eventrated and laid out onto a moist gauze. Then, the colon was gently compressed using moist cotton applicators. During this procedure, touching the small bowel was strictly avoided. Agematched sham-operated and nonoperated rats served as controls and were anesthetized before death, similar to the manipulated groups. In sham operations, the abdomen was opened by a midline laparotomy and the cecum was eventrated and laid out onto a moist gauze without performing the colonic compression. Animals were killed at specific time points postoperatively by isoflurane anesthesia inhalation overdose. To investigate the in vivo motility of the small bowel independently from the compromised motor function of the manipulated colon, a distal ileal loop ileostomy was performed (Sprague-Dawley rats). Rats were anesthetized by isoflurane inhalation and the abdomen was opened by a midline laparotomy. A distal loop of the ileum was relocated subcutaneously by extraction through a circular incision in the right lower abdominal wall. The skin incisions were closed by continuous sutures. The rats were allowed to recover for 3 weeks to ensure complete recovery of intestinal function. After the recovery period, the abdomen was opened and colonic manipulation was performed. After the closure of the midline laparotomy, the ileostomy was completed by opening the subcutaneously relocated loop and everting it upon itself. The wall of the opened loop was anchored with interrupted sutures to the skin and chyme freely flowed through the stoma. A neural mechanism of distant organ activation was investigated using extrinsically denervated small bowel transplanted animals, which were subjected to colonic manipulation. Syngeneic orthotopic small intestinal transplantation with caval drainage was performed in Lewis rats as previously described. 14 Gut decontamination was performed by administration of polymyxin B (150 mg/kg/d) and neomycin (450 mg/kg/d). 15, 16 The antibiotics were instilled into the stomach by a gastric tube under light isoflurane anesthesia, for 6 days, once per day. Control animals received vehicle (normal saline) at appropriate time points. The transference of colonic luminal endotoxin and small particles into the colonic and the small intestinal rat muscularis was investigated by intracolonic injection of LPS-Alexa 488 conjugate or a mixture of fluorescent carboxylated latex microspheres of different sizes and colors. The injected amount of LPS-Alexa 488 conjugate was 500 g (in 500 L rat serum). The microsphere mixture (0.6 mL) contained differently sized microspheres of 0.05 m (green fluorescent), of 0.5 m (orange fluorescent), and of 2 m (red fluorescent) in diameter. The cecocolonic junction was ligated to prevent reflux of the LPS conjugate or the microspheres. In sham experiments, LPS-Alexa 488 conjugate or microspheres were administered without performing colonic manipulation. The appearance of LPS-Alexa 488 conjugate or microspheres within the colonic and intestinal muscularis was investigated at 3 and 12 hours postoperatively.
Functional Studies
In vivo gastrointestinal transit was measured in shamoperated and in manipulated animals with ileostomy at 24 hours postoperatively by evaluating the gastrointestinal distribution of orally administered fluorescein-labeled dextran (Molecular Probes, Eugene, OR; molecular weight ϭ 70,000) as previously described (n ϭ 5 each). 17 The data were expressed as the percentage of activity per segment and plotted in a histogram. Gastrointestinal transit was calculated as the geometric center (GC) of distribution of fluoresceinlabeled dextran. 9 The GC value reflects the transit of fluorescein-labeled dextran down the gastrointestinal tract, with higher values indicating more distal distribution (segment 1 ϭ stomach to segment 11 ϭ distal ileum; colonic feces was defined as segment 12). Mechanical in vitro activity of the mid jejunum was evaluated at 24 hours postoperatively using smooth muscle strips of the circular muscularis as described previously (rats: n ϭ 5 each; Toll-like 4 receptor mice ͓TL4R͔ mice: n ϭ 5-7). 7 Dose-response curves were generated using increasing doses of the muscarinic agonist bethanechol (1-300 mol/L). The functional significance of COX-2 and iNOS inhibition was determined by measuring changes of in vitro circular smooth muscle contractility in response to the highly selective COX-2 inhibitor DFU (5,5-dimethyl-3-(3-fluorophenyl)-4-(4-methylsulfonyl)phenyl-2(5H)-furanone) or the selective iNOS inhibitor L-NIL (L-N6-(1-iminoethyl)-lysine. dihydrochloride), respectively (n ϭ 6 -8). The concentrations of DFU and L-NIL were derived from previous dose-response experiments on intestinal circular muscle strips from manipulated and LPS-injected animals. 10, 12 After equilibration, muscle strips were superfused simultaneously with KRB alone or KRB with DFU (5 mg/L) and L-NIL (30 mol/L) for another 30 minutes.
Quantification of Gene Expression
The postoperative mediator mRNA expression in the small intestinal muscularis was analyzed using SYBR Green two-step real-time RT-PCR as previously described (n ϭ 4 -6). 9 Rat primer sequences were used as previously published (GAPDH, COX2, ICAM-1, iNOS, and MCP-1) 9 or designed according to published sequences (IL-6: GenBank accession number: M26744), 18 using Primer Express software (PE Applied Biosystems, Foster City, CA) and purchased from Life Technologies (Rockville, MD). Sequences of the IL-6 primers were: sense: GCCCTTCAGGAACAGC-TATGA, antisense: TGTCAACAACATCAGTCCCAAGA (Amplicon-length: 80). Each mediator-specific amplification was normalized to an endogenous control (GAPDH). The PCR reaction mixture was prepared using the SYBR Green PCR Core Reagents (PE Applied Biosystems, Foster City, CA). PCR conditions on an ABI PRISM 7700 Sequence Detection System (PE Applied Biosystems) were as recommended by the manufacturer. Dissociation of the PCR products by a melting curve analysis protocol showed consistently specific single melting peaks for all used primer pairs. Relative quantification was performed using the comparative C T method as described previously by Schmittgen et al. 19 
Histochemistry and Immunohistochemistry
Histochemical and immunohistochemical analyses were performed on whole mounts of the intestinal muscularis as described previously (n ϭ 5 each). 9, 20 Myeloperoxidase (MPO)-positive cells were detected using Hanker-Yates reagent (Polysciences, Warrington, PA). ED1-immunohistochemistry was used to visualize monocytes. Whole mounts were incubated overnight at 4°C in an ED1-antibody solution (mouse-anti-rat, 1:100), followed by 3ϫ washes in 0.05 mol/L phosphate-buffered saline solution (PBS). Each specimen was then incubated with a Cy3 donkey-antimouse secondary antibody (1:500) for 4 hours at 4°C and washed again 3 times in 0.05 mol/L PBS. Secondary antibodies without ED1 antibody preincubation were used in parallel in all staining procedures to ensure specificity. Leukocytes were counted in 5 randomly chosen areas in each specimen (3 specimens per animal) at a magnification of ϫ200.
Drugs and Solutions
A standard KRB was used as described previously. 17, 20 KRB constituents, bethanechol, polymyxin B, and neomycin were purchased from Sigma Chemical Co. (St. Louis, MO). The selective COX-2 inhibitor DFU was kindly provided from Merck Frosst and the iNOS inhibitor L-NIL was purchased from Alexis Corp. (San Diego, CA). Alexa 488conjugated LPS from Escherichia coli serotype 055:B5 was purchased from Molecular Probes Inc. (Eugene, OR). Mouseanti-rat-ED1 antibodies (1:100) were obtained from Serotec Inc. (Raleigh, NC). Indocarbocyanine (Cy3)-conjugated donkey-antimouse antibody (1:500) was purchased from Jackson ImmunoResearch Laboratories Inc. (West Grove, PA). For immunohistochemistry, antibodies were diluted in 0.05 mol/L PBS containing 0.2% bovine serum albumin (Sigma Chemical Co.), 1000 U/mL penicillin G, and 1 mg/mL streptomycin (Sigma Chemical Co.).
Data Analysis
Results are mean Ϯ SEM. Statistical analysis was performed using a Student t test or ANOVA with a Bonferroni analysis where appropriate for individual group significance. A probability level of P Ͻ 0.05 was considered statistically significant.
RESULTS
Colonic Manipulation Causes Dysmotility of the Small Intestine
As expected and seen in Figure 1A , colonic manipulation resulted in a delay in upper gastrointestinal transit. To selectively investigate small intestinal motility uninfluenced by compromised postoperative colonic function, we performed in vivo transit measurements in rats with a terminal ileostomy. As illustrated in Figure 1B , colonic manipulation caused a significant delay in small intestinal transit of ileostomy animals compared with sham operations. Ninety minutes after the oral administration of fluorescein-labeled dextran, the colon-manipulated rats exhibited a distribution maximum of the marker in the 8th jejunal segment (GC ϭ 8.7 Ϯ 0.6). In contrast, in sham-operated animals, the fluorescein-labeled dextran accumulated in the terminal ileum (GC ϭ 9.8 Ϯ 0.2) and a moderate amount of the marker had passed the ileostoma (colon: 16%).
Small Intestinal Smooth Muscle Dysfunction After Colonic Manipulation
Postoperative rat jejunal circular smooth muscle contractile activity was investigated in vitro in a standard organ bath. Control muscles generated rhythmic and vigorous contractions with a mean contractile force of 1.1 Ϯ 0.1 g/mm 2 /s. Although muscle strips from sham-operated animals showed intermittent reductions in the spontaneous contractile amplitudes, the overall contractile force (1.1 Ϯ 0.2 g/mm 2 /s) was not different from control muscles. Spontaneous intestinal smooth contractile activity after colonic manipulation was significantly impaired (contractile force of 0.7 Ϯ 0.1 g/mm 2 /s). Next, we investigated the contractile response of mid jejunal circular smooth muscle strips to the muscarinic agonist bethanechol. As illustrated in Figure 2 , perfusion with bethanechol resulted in a dose-dependent increase in contractile force. The contractile activity of muscle strips taken from sham-operated rats were similar to controls (sham: 4.7 Ϯ 0.6 vs. control: 4.2 Ϯ 0.2 g/mm 2 /s at 100 mol/L). Jejunal muscle strips from animals after selective colonic manipulation showed a significant impairment in the bethanechol dose-response curve (contractile force of 3.0 Ϯ 0.2 g/mm 2 /s at 100 mol/L). Based on our previous observations, we hypothesized that the impairment in contractility is the result of inflammatory events within the small intestinal muscularis and the coexpression of kinetically active mediators, such as iNOS and COX-2. Therefore, we pharmacologically blocked the activity of both mediators in muscle strips taken from surgically manipulated animals. The in vitro perfusion with DFU or L-NIL alone had only minimal effects; however, the combined application of both inhibitors resulted in a significant improvement of spontaneous contractile activity by 35% (P Ͻ 0.05, n ϭ 5 each) ( Fig. 3 ).
Inflammatory Events in the Small Intestinal Muscularis After Colonic Manipulation
As depicted in Figure 4A and B, jejunal whole-mounts from control animals contained few MPO-positive cells and monocytes. However, sham operation alone caused a moder-ate but significant leukocyte extravasation, which was more pronounced for polymorphonuclear neutrophils (PMN; Fig.  4E ). As plotted in the histogram, colonic manipulation significantly enhanced the number of jejunal infiltrating PMNs (3.5-fold) and monocytes (8.7-fold) compared with sham operations (Figs. 4C-E). Real-time RT-PCR analysis revealed a significant up-regulation in the mRNAs of all investigated mediators within the small intestinal muscularis after selective colonic manipulation (Fig. 5 ). IL-6 (1622-fold), ICAM-1 (8.6-fold), MCP-1 (24-fold), and iNOS (40.8-fold) peaked 3 hours after colonic manipulation. These mediators declined successively over time, whereas COX-2 mRNA showed a first peak at 3 hours and a delayed maximum (3.9-fold) at 18 hours postoperatively. In accordance with the Postoperative Ileus via Endotoxin above results of the leukocyte quantification, sham operations alone caused a significant inflammatory molecular response within the intestinal muscularis. As illustrated in Figure 5 , all mediators except iNOS showed a distinct and significant mRNA induction 3 hours after sham operations (IL-6: 56.9fold, ICAM-1: 3.9-fold, MCP-1: 4.7-fold, COX-2: 2.8-fold).
Impact of Denervation on the Molecular Inflammatory Response of the Muscularis
To determine the impact of the central nervous system on the development of the molecular inflammatory cascade within the small intestinal muscularis after colonic surgery, mediator expression was determined in transplanted and consequently denervated gut. The postoperative mRNA induction in the graft muscularis was compared with the expression in the recipient muscularis of the same animals and the muscularis of nontransplanted rats. As expected, manipulation caused a significant induction of IL-6 (1145.4 Ϯ 65.59) and iNOS (31. 
Transference of Bacterial Products From the Colonic Lumen
As depicted in Figure 6B to D, colonic muscularis whole mounts after manipulation presented with a distinct fluorescence in resident muscularis macrophages. The fluorescence was absent in the muscularis of sham-operated rats (Fig. 6A ). However, the small intestinal muscularis after colonic manipulation showed only weak fluorescence, making it impossible to identify a specific cellular binding of the fluorescently labeled LPS (Fig. 6E, F) . To visualize the potential postoperative path from the colonic lumen into the colonic and small intestinal muscularis, we also investigated the transference of intracolonically administered fluorescent microspheres. As shown in Figure 7A and B, 3 hours after colonic manipulation a pronounced enrichment of small green fluorescent microspheres (0.05 m) was evident in the colonic muscularis. Additionally, fewer orange microspheres (0.5 m, Fig. 7C ) but none of the red fluorescent beads (2 m) were seen, indicating that the postoperative appearance of microspheres within the muscularis is dependent on the bead size. Microspheres of the same sizes were also recognized in the small intestinal muscularis; however, qualitatively fewer were observed compared with the colonic muscularis ( Fig. 7D-F ).
Impact of Decontamination on the Inflammatory Response of the Intestinal Muscularis
Colonic manipulation after vehicle treatment caused a pronounced and significant induction of the mediators IL-6 (1752-fold), ICAM-1 (8.9-fold), MCP-1 (18-fold), and iNOS , and iNOS (2.5-fold) after selective colonic manipulation. Moreover, the iNOS mRNA levels in operated, gut decontaminated rats were statistically not different from those in controls. We also quantified the recruitment of MPOpositive cells at 24 hours in the intestinal muscularis of colon manipulated rats that were pretreated with antibiotics. Indeed, manipulated gut decontaminated rats showed a slight reduc-tion of the postoperative PMN-recruitment in the small intestinal muscularis (9.8 Ϯ 2.9 cells per field at ϫ200 magnification) compared with manipulated vehicle treated rats (16.1 Ϯ 5.6 cells/field at ϫ200 magnification). However, this decrease in leukocyte numbers did not achieve statistical significance. Figure 8A depicts the results derived from the bethanechol dose-response experiments. Muscles from nonmanipu- 
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Postoperative Ileus via Endotoxin lated, vehicle-pretreated rats showed a progressive increase in the contractile force in response to increasing bethanechol stimulation (contractile force of 4.3 Ϯ 0.3 g/mm 2 /s at 100 mol/L). The pretreatment with antibiotics had no significant impact on the contractile response of muscle strips from nonmanipulated rats to bethanechol (contractile force of 4.2 Ϯ 0.5 g/mm 2 /s at 100 mol/L). In accordance with the above results colonic manipulation caused a significant 42% reduction (2.5 Ϯ 0.3 g/mm 2 /s at 100 mol/L) of bethanechol stimulated circular smooth muscle activity compared with vehicle-treated controls. In contrast, pretreatment of animals with polymyxin B and neomycin significantly prevented the postoperative circular smooth muscle dysfunction, almost reaching normal levels (3.8 Ϯ 0.1 g/mm 2 /s at 100 mol/L).
Based on our previous observations, we specifically hypothesized that endotoxin-stimulated TLR4 responses play a major role in mediating the distant small intestinal smooth muscle inflammation and dysfunction. 12, 13, 15 We used TLR4deficient mice that are known to have a defective response to the lipid A moiety of endotoxin. Spontaneous and bethanechol stimulated contractile activity from control TLR4knockout mice did not differ from control wild-type mice (TLR4-knockout: 3.6 Ϯ 0.5 vs. TLR4-wild-type: 3.3 Ϯ 0.5 g/mm 2 /s at 100 mol/L bethanechol). As shown in Figure  8B , postoperative small intestinal smooth muscle contractile activity was significantly impaired in manipulated TLR4wild-type mice (CM TLR4-wild-type 2.1 Ϯ 0.2 g/mm 2 /s at 100 mol/L bethanechol) compared with controls. Interest-
Histograms showing the results of real-time RT-PCR analysis of inflammatory mediator mRNAs in the small intestinal muscularis after sham operation (at 3 hours) and colonic manipulation (3, 6, and 18 hours postoperatively), compared with control expression (CM, colonic manipulation; n ϭ 4 -6). IL-6-, ICAM-1-, MCP-1-and iNOS-mRNA exhibited a single expression peak 3 hours after colonic manipulation, whereas COX-2 peaked at 3 hours and again at 18 hours postoperatively. Note that all mediators, except iNOS, were up-regulated in sham operations, which included laparotomy with cecal eventration (F). Data are mean Ϯ SEM.
Türler et al
Annals of Surgery • Volume 245, Number 5, May 2007 ingly, jejunal muscles from colon manipulated TLR4-knockout mice were significantly refractory to muscle dysfunction (CM TLR4-knockout 3.2 Ϯ 0.5 g/mm 2 /s at 100 mol/L bethanechol) compared with manipulated wild-type animals.
DISCUSSION
Mechanical disturbance of the gastrointestinal tract by the hand of the surgeon initiates a complex local inflammatory cascade within the gut muscularis, resulting in smooth muscle dysfunction and thus dysfunction in the coordinated motor activity of the gastrointestinal tract. [7] [8] [9] [10] [11] 17 The present study extends our previous observations by showing that the local inflammatory response within the surgically manipulated colonic muscularis is associated with a functionally relevant muscularis inflammation in the nonmanipulated small intestine, contributing to postsurgical ileus, and, furthermore, that the gut flora is mechanistically involved in the panintestinal dispersion of this postoperative inflammatory response.
The intraoperative mechanical handling of the gut per se appears to be a critical etiological factor in the development of postoperative intestinal dysmotility. 7, 21 However, it has been observed that distant, nonmanipulated gastrointestinal organs are also functionally affected by open abdominal surgery. 21 In the clinical setting, gastric emptying problems, intestinal transit delay, and colonic dysfunction are common consequences of all kinds of intra-abdominal, nonintestinal surgeries. [21] [22] [23] We have recently observed a significant impairment of small intestinal transit in a rat model of postoperative colonic ileus. 9 In the present study, we first investigated if this phenomenon was caused by the downstream barrier of the postoperatively impaired colon. Here we show that gastrointestinal transit is suppressed even when small intestinal flow is diverted (ie, taken out of continuity with the manipulated dysfunctional colon). Additionally, our results demonstrate that the decrease in upper gastrointestinal transit is at least partially due to an alteration in muscular activity because direct in vitro measurements of jejunal muscle function showed suppressed activity following selective colonic manipulation. In accordance with our previous results, 7 we hypothesized that this sequela might be caused by the initiation of a distant local inflammatory response.
It has been shown that postoperative inflammatory events within the gut muscularis are associated with the expression of kinetically active mediators, such as iNOS and COX-2, which directly modulate smooth muscle motor function. 10, 11 Furthermore, it has been demonstrated that a selective blockade of these mediators results in a significant improvement of the in vitro contractile activity of the inflamed muscularis. 9 -12 Indeed, in the present study, the im- To identify potential mechanisms that might be involved in the induction of the distinct inflammatory response, we investigated in a time course study the postoperative mRNA expression of inflammatory mediators. We focused on the prototypical proinflammatory cytokine IL-6, mediators that are known to promote a targeted leukocyte recruitment into the intestinal muscularis (ICAM-1 and MCP-1) 8, 15 and the kinetically active enzymes iNOS and COX-2. 10 -12 Similar to the recent observations in the manipulated colonic muscularis, 9 inflammatory mediator mRNA in the small intestinal muscularis showed an early induction at 3 hours postoperatively. In contrast to this early iNOS mRNA expres-sion maximum 3 hours after colonic manipulation, we have previously demonstrated that selective surgical manipulation of the small intestine results in a later peak in iNOS mRNA induction within the intestinal muscularis at 12 hours. 10 Interestingly, a systemic LPS challenge is known to cause likewise an early induction of iNOS mRNA within the intestinal muscularis. 12 Thus, we speculated that the intraoperative release of LPS from the gut lumen could be a causative factor for the observed early molecular inflammatory response within the intestinal muscularis.
The colonic lumen possesses the largest reservoir of bacteria among the gastrointestinal tract. 24 Additionally, intestinal stasis causes bacterial overgrowth, further increasing the magnitude of the intraluminal microbial population. 25 The passage of bacteria and bacterial products, such as LPS, from the intestinal lumen to extraintestinal sites has been largely investigated and remains controversial, particularly with regard to its clinical significance. 26 -28 However, the disturbance of mucosal gut permeability and the occurrence of translocation in trauma, pancreatitis, or general surgery are now generally accepted. 24,29 -32 With regard to intra-abdominal procedures, it has already been demonstrated that manual operative decompression of the intestine causes bacteriemia and endotoxemia. 33, 34 In this context, we have previously shown that surgical manipulation of the small intestine results in a transient increase in colonic mucosal permeability that allows particles up to 0.8 m to migrate from the intestinal lumen via the lymphatic system into the systemic circulation. 35 Moreover, these particles are then incorporated into circulating monocytes and transported back into the intestinal muscularis. Thus, in accordance with the postoperative dynamics of leukocyte infiltration into the intestinal muscularis, 17 the extravasation of bead-laden monocytes did not begin until 6 hours after surgery. 35 Indeed, in the present study, we could also demonstrate the transmigration of particles, as well as LPS, as a result of colonic surgery. But, in contrast to the previous observations, 35 the diffuse uptake of microspheres in the colonic as well as the small intestinal muscularis was seen as early as 3 hours after colonic surgery. But the incorporation of microspheres into infiltrating monocytes, as previously described, was only recognized at 12 hours postoperatively. This finding demonstrates that the appearance of transmigrated luminal particles in the small intestinal muscularis coincides with the onset of distant molecular inflammatory events. The involvement of gut-derived bacterial products in the perioperative initiation of inflammatory events has already been described in liver surgery. 16, 36 In these previous studies, preoperative gut decontamination was achieved by oral administration of polymyxin B and neomycin. Using the same approach, we were able to show that a similar mechanism occurs in the intestinal muscularis and, furthermore, that the perioperative release of luminal bacteria or bacterial products has a direct impact on postoperative gastrointestinal motility. Based on our previous work, 12, 13, 15 we specifically hypothesized that LPS plays a major role in the initiation of the distant and functional relevant muscularis inflammation. Mechanistically, TLR4 complex are the key proteins for the immunologic response to LPS. 37, 38 TLR4 are expressed on macrophages, 39 and as we have suggested, LPS induced activation of resident macrophages is responsible for the initiation of the complex inflammatory cascade within the intestinal muscularis during sepsis. 7, 13 Thus, we next studied the postoperative smooth muscle contractile activity in TLR4 knockout mice, which are hyporesponsive to LPS. 37 Indeed, intestinal muscles from colon manipulated TLR4 knockout mice presented with significant less impairment of postoperative smooth muscle motor function, providing evidence for the functional role of endogenous LPS in the development of postoperative ileus.
The involvement of extrinsic inhibitory reflexes in the initiation of trauma-induced distant dysmotility is also an attractive and reasonable explanation for a panenteric inflammatory-induced motility dysfunction. 5, 6 We have previously shown that intestinal manipulation markedly increases spinal Fos expression for a prolonged period postoperatively in the rodent and that local muscularis COX-2 generated prostaglandins play a key role in this response, adding further evidence to COX-2 as a multifunctional neuronal modulator. 40 We hypothesized that this increase in primary afferent activity would subsequently activate inhibitory motor reflexes to the gut, which would contribute to postoperative intestinal gut dysfunction. Recently, this hypothesis has been confirmed by de Jonge et al who showed that sustained postoperative gastroparesis after small intestinal manipulation is mediated by an inhibitory enterogastric neural pathway that is triggered by inflammatory infiltrates recruited to the intestinal muscularis. 41 However, individual organs may be regulated differently, as in the present study, we observed that neural isolation of the small intestine by transplantation did not alter the expression of jejunal muscularis mediators after colonic manipulation as compared with the innervated small intestine.
CONCLUSION
The data demonstrate that selective surgical manipulation of the colon initiates a distant inflammatory response in FIGURE 8. Bethanechol dose-response curves demonstrating the involvement of bacterial products in the impairment of small intestinal circular smooth muscle contractility 24 hours after colonic manipulation. A, Pretreatment with antibiotics significantly prevents small intestinal smooth muscle dysfunction after colonic manipulation (n ϭ 5 each). The doseresponse curves in B depict a significant improvement of postoperative small intestinal muscle contractility after colonic manipulation of Toll-like receptor 4 knockout mice compared with manipulated wild-type mice (n ϭ 6 -8). Data are mean Ϯ SEM.
Annals of Surgery • Volume 245, Number 5, May 2007
Postoperative Ileus via Endotoxin the small intestinal muscularis that significantly contributes to the panenteric development of postoperative ileus. Furthermore, the results provide evidence that postoperatively released intraluminal LPS is mechanistically involved in the initiation of the functional relevant distant inflammatory response within the small intestinal muscularis.
